Introduction
============

The needle-free mucosal vaccine has been identified as one of the most important goals toward increasing global health. Mucosal vaccination can not only stimulate antigen-specific systemic humoral and cell-mediated immune response but also simultaneously elicit mucosal immunity.[@b1-ijn-12-6617],[@b2-ijn-12-6617] Most importantly, mucosal vaccines do not require needles and syringes. Being needle-free, mucosal vaccinations can generate many advances in vaccine delivery, such as better safety, improved compliance with immunization schedules, avoided vaccination-related pain and reduced cost.[@b2-ijn-12-6617],[@b3-ijn-12-6617]

Mucosal immunization through the nasal cavity is an interesting route that has been explored over many years. The nasal immunization possesses many advantages for vaccine delivery than other routes of delivery, such as avoiding first-pass metabolism by the liver, enzymatic degradation in the gastrointestinal tract, slow absorption and low bioavailability.[@b4-ijn-12-6617],[@b5-ijn-12-6617] In addition, there are many M cells and dendritic cells (DCs) in the nasal cavity that facilitate inducing strong systemic and local immune responses.[@b6-ijn-12-6617],[@b7-ijn-12-6617] However, there are many factors that restrict the potential of nasal vaccine delivery, which include low permeability of antigens through the epithelium, mucociliary clearance and potential enzymatic degradation. As a result, intranasal delivery of antigens, especially subunit antigens, often elicits poor antigen-specific immune responses.[@b2-ijn-12-6617],[@b8-ijn-12-6617]

To increase delivery efficiency, poly(lactic-*co*-glycolic acid) (PLGA) nano-/microparticles (NPs/MPs) have been extensively explored for intranasal vaccination with numerous antigens, such as epitope peptides, antigenic proteins, lipoproteins and plasmid DNA.[@b4-ijn-12-6617],[@b7-ijn-12-6617],[@b9-ijn-12-6617] Similar to antigen delivery system, PLGA micro-/nanoparticulate formulations have many advantages over soluble formulations. PLGA NPs/MPs can limit antigen degradation by protease, targeting antigens to antigen presenting cells (APCs) and control release rates of antigen.[@b10-ijn-12-6617],[@b11-ijn-12-6617] On the other hand, mucosal adjuvants, such as toll-like receptor (TLR) ligands, can enhance the efficacy of weak antigens and have proved to be key components in mucosal vaccines.[@b12-ijn-12-6617],[@b13-ijn-12-6617] Synergistic activation of APCs by combination of multiple TLR ligands might play critical roles in eliciting strong immune response and long-term immune memory.[@b12-ijn-12-6617],[@b14-ijn-12-6617] It has been demonstrated that combination of TLR ligands, polyinosinic:polycytidylic acid (pI:C, TLR3 ligand) and R848 (TLR7 ligand), monophosphoryl lipid A (TLR4 ligand) and R837 (TLR7 ligand), oligodeoxynucleotides (TLR9) and monophosphoryl lipid A (TLR4), can synergistically enhance vaccine potency.[@b13-ijn-12-6617],[@b14-ijn-12-6617]

TLR3 ligand pI:C and TLR5 ligand flagellin (FLN) have been shown to be effective adjuvants.[@b15-ijn-12-6617],[@b16-ijn-12-6617] pI:C, a mimic of viral dsRNA, is a TLR3 ligand, which is recognized primarily by endosomal TLR3 and activates multiple kinds of transcription factors such as IFN-regulatory factor 3 (IRF3) and NF-κB, resulting in the expression of type II interferons and proinflammatory cytokines including interleukin (IL)-12 and IL-6, respectively. The pI:C has been shown to be a potential adjuvant for live-attenuated influenza, HIV-1 CN54gp140 (gp140) and tetanus toxoid (TT) in mice.[@b15-ijn-12-6617],[@b17-ijn-12-6617] FLN is a structural component of bacterial flagellar filament and is the only reported TLR5 ligand.[@b16-ijn-12-6617],[@b18-ijn-12-6617] FLN binds to TLR5 located on the cell surface and nucleotide-binding ligomerization domain-like receptor (NLR) protein NLRC4 in the cytoplasm of APCs, activating nuclear factor-κB (NF-κB) and NLRC4 inflammasome signaling, respectively. As a result, FLN induces secretion of IL-6, IL-12 and IL-23, and then promotes Th1, Th2, and Th17 cell-mediated immune response. The adjuvant effect of FLN has been proved for many antigens such as ovalubumin, influenza M2e, *Escherichia coli* heat-stable toxin, circumsporozoite protein of *Plasmodium falciparum*, and TT.[@b18-ijn-12-6617] However, FLN is a bacterial toxin, while pI:C has been identified as a trigger toward autoimmunity.

When delivered via the mucosal routes, FLN and pI:C are prone to be degraded by enzymes secreted by the mucosal epithelial cells. Thus, encapsulating them into NPs/MPs should be an alternative strategy.[@b10-ijn-12-6617],[@b15-ijn-12-6617] Until now, although adjuvant effects of pI:C and FLN have been studied in detail, synergistic effects between pI:C and FLN are not sufficiently investigated, and the synergistic effects between pI:C and FLN might be important for the development of mucosal vaccine delivery system.

In the previous study, mannan and chitosan-modified, pH-responsive PLGA-based MPs were successfully used to encapsulate hepatitis B virus surface antigen (HBsAg) for nasal delivery.[@b19-ijn-12-6617] Mannose receptor natural ligand mannan and mucoadhesive polymer chitosan was used to modify surface of PLGA microspheres in order to improve potency of PLGA microspheres as a nasal vaccine delivery vehicle.[@b20-ijn-12-6617] In the present work, HBsAg, pI:C, FLN or both TLR ligands were encapsulated into mannan and chitosan oligosaccharide (COS)-modified, pH-responsive PLGA (MC-PLGA) MPs by a double-emulsion method. Then, the uptake mechanism of MC-PLGA MPs by macrophages was investigated systematically. Moreover, the effects of FLN and pI:C in MP formulation on activation of macrophages were compared with that in solution formulation. The synergistical effects of FLN and pI:C within MC-PLGA MPs on activation of macrophages and HBsAg-specific immune response were further investigated systematically.

Materials and methods
=====================

Reagents and animals
--------------------

PLGA with a 75:25 LA/GA ratio and an average molecular weight of 13 kDa was obtained from Jinan Daigang Biomaterial Co., Ltd. (Jinan, People's Republic of China). COS (MW \<2×10^3^ Da, degree of deacetylation \~95%) was obtained from Qingdao BZ-Oligo Co., Ltd (Qingdao, People's Republic of China; medicine grade). Recombinant HBsAg and an aluminum-containing adjuvant Hepatitis B vaccine (alum-HBsAg vaccine) were obtained from NCPC Gene Tech Biotechnology Development Co., Ltd. (Shijiazhuang, People's Republic of China). The pI:C LMW was purchased from InvivoGen (San Diego, USA). FLN, poly(vinyl) alcohol (PVA; MW 13--23 kDa, 87%--89% hydrolyzed), mannan (MW, 35--60 kDa) and fluorescein isothiocyanate (FITC) were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). SYBR Green I and OliGreen were purchased from Thermo Fisher Scientific (Waltham, MA, USA). LysoTracker-Red DND-99 was purchased from Molecular probes (Thermo Fisher Scientific). Bicinchoninic acid (BCA) protein assay kit and human serum albumin (HSA) were obtained from Sangon Biotech (Shanghai) Co., Ltd (Shanghai, People's Republic of China). EtEraser Endotoxin Removal Kit was obtained from Chinese Horseshoe Crab Reagent Manufactory, CO., Ltd (Xiamen, People's Republic of China).

Sprague Dawley rats (Grade II, Certificate No 06057) were purchased from the Experimental Animal Center of Hebei Province. All animal studies were performed at Hebei Normal University and were approved by the Animal Ethics Committee of Hebei Normal University. These rats were treated in accordance with the Provisions and General Recommendation of Chinese Experimental Animals Administration Legislation.

Preparation of MC-PLGA MPs
--------------------------

The MC-PLGA MPs encapsulating HBsAg, pI:C, FLN or both TLR ligands were prepared with a modified W~1~/O/W~2~ technique.[@b19-ijn-12-6617] In brief, the primary emulsion (W~1~/O) was formed by emulsifying 2 mL of aqueous solution containing HBsAg (0.5 mg mL^−1^), HSA (5 mg mL^−1^), PVA (10 mg mL^−1^), NaHCO~3~ (5 mg mL^−1^) or pI:C (2.5 mg mL^−1^), or FLN (0.5 mg mL^−1^), or both TLR ligands into 4 mL of dichloromethane (DCM) containing 240 mg PLGA. As an effective stabilizer of HBsAg, HSA was added into the inner aqueous phase together with HBsAg as previously reported.[@b21-ijn-12-6617] The W~1~/O emulsion was prepared with an ULTRA-TURRAX stirrer (IKA-WERKE, Germany) at 20,000 rpm for 5 min. Then the W~1~/O emulsion was added dropwise to 15 mL of 2% (w/v) PVA solution containing NaCl (50 mg mL^−1^), COS (20 mg mL^−1^) and mannan (20 μg mL^−1^). The mixture was then emulsified for 15 min with an ULTRA-TURRAX stirrer at 15,000 rpm to prepare the W~1~/O/W~2~ double emulsion. CH~2~Cl~2~ were evaporated by continuous stirring for 8 h with a magnetic stirrer at 300 rpm. MC-PLGA MPs were collected by centrifugation (8,000 rpm, 20 min) at 4°C. After washing three times with sterile deionized water, MPs were collected, lyophilized overnight and finally stored at −20°C until usage.

Entrapment efficiency and drug loading
--------------------------------------

A BCA protein assay kit was used to determine the concentration of FLN and HBsAg in solution. The protein content in the MC-PLGA MPs was measured with a sodium hydroxide (NaOH)/sodium dodecyl sulfate (SDS) method.[@b21-ijn-12-6617] In brief, 10 mg of MC-PLGA MPs were digested in 2 mL of 0.05 mol/L NaOH containing 0.5% (w/v) SDS and gently agitated overnight at 37°C. After centrifugation, the protein content in the supernatant was determined using a BCA protein assay kit. The pI:C content in the micro-spheres was determined by an extraction method. Briefly, MPs were dispersed in 500 μL Tris-EDTA buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.4) and mixed with 1 mL of DCM in an Eppendorf tube. The suspension was vortexed for 1 min, placed in a ZWY-2102 rocking incubator (Shanghai Zhicheng Analytical Instrument Manufacturing Co., Ltd, Shanghai, People's Republic of China), and shaken at 150 rpm for 1 h. After centrifugation, 200 μL of the pI:C solution from each sample was removed and placed in a 96-well plate. SYBR Green I or Oli-Green nucleic acid dye was used to quantify pI:C.[@b22-ijn-12-6617] The drug loading (DL) was calculated from the amount of encapsulated antigen or TLR ligand within the MPs to the weight of MPs: $$\text{DL}(\%) = \left( \frac{\text{Content~of~antigen~or~TLR~ligand}}{\text{Weight~of~MPs}} \right) \times 100\%$$

The encapsulation efficiency (EE) of antigen or TLR ligand in the MPs was calculated using the following equation: $$\text{EE}(\%) = \left( \frac{\text{The~amount~of~encapsulated~antigen~or~TLR~ligand~in~MPs}}{\text{Total~antigen~or~TLR~ligand~amount}} \right) \times 100\%$$

Microparticle morphology, average particle size and surface charge
------------------------------------------------------------------

MC-PLGA MP morphology was studied with a Hitachi S-520 scanning electron microscopy (SEM; Hitachi, Ltd., Japan). To observe the surface morphology, MC-PLGA MPs were first coated with a thin gold layer under vacuum and then analyzed on SEM. The surface charge (zeta potential) and average particle diameter of MC-PLGA MPs were determined with a ZetaSizer nano ZS apparatus (Malvern Instruments Ltd., Malvern, UK). MC-PLGA MPs were dispersed in 0.01 M phosphate buffer at different pH values of 5, 6, 7.4.

In vitro release studies
------------------------

Thirty milligrams of MC-PLGA MPs were dispersed in 2 mL of 0.02 M phosphate buffered saline (PBS) solution with different pH values to form a suspension. Then test tubes containing the suspension were shaken in a ZHWY-103B rotary shaker (Shanghai Zhicheng Analytical Instrument Manufacturing Co., Ltd) at 100 rpm at 37°C. At each sampling time, tubes were centrifuged at 8,000 rpm for 20 min at 4°C. Then, the samples were removed and the same volume of fresh PBS buffer was added to keep a constant volume. The amount of released TLR ligands was measured as described above. In vitro antigenicity of HBsAg was measured with a commercial HBsAg ELISA kit from Shanghai Kehua Bio-Engineering Co., Ltd (Shanghai, People's Republic of China).

In vitro uptake of MPs by macrophages
-------------------------------------

In this study, FITC-labeled HSA (FITC-HSA) and Rhod-amine B were used as fluorescence probes to investigate in vitro uptake of MPs by macrophages. For preparation of Rhodamine B-loaded MC-PLGA MPs containing HBsAg, FLN or/and pI:C, 0.5 mg/mL Rhodamine B was added into the organic phase during MP preparation. To prepare FITC-HSA-loaded MC-PLGA MPs, 1 mg/mL FITC-HSA was added to the internal water phase taking the place of some HSA during the preparation process.

Peritoneal macrophages were extracted from female Sprague Dawley rats by peritoneal cavity lavage as previously reported by Li et al.[@b19-ijn-12-6617] The macrophages (5×10^5^ cells/well) were seeded into each well of 12-well tissue culture plate and cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum at 37°C under an atmosphere containing 5% CO~2~ overnight. Then culture medium was changed with DMEM supplemented with 10% fetal calf serum containing 250 μg/mL FITC-HSA-loaded MPs. After 12 h of co-culture, non-ingested MPs were washed off with PBS. Subsequently, MP uptake by macrophages was detected both quantitatively and qualitatively. For qualitative analysis of MP uptake by macrophages, cells growing on the glass slides were fixed with 4% paraformaldehyde for 20 min and then cell nuclei were stained using DAPI for 5 min. Finally, cells were observed with an Olympus IX71-F22FL/PH inverted fluorescent microscope (Olympus Corporation, Tokyo, Japan).

To quantitatively determine Rhodamine B-loaded MC-PLGA MPs taken up by macrophages, the cells were lysed in 500 μL of 0.01 M PBS solution containing 1% Triton X-100 and 2% sodium dodecyl sulfate on ice for 30 min.[@b19-ijn-12-6617],[@b23-ijn-12-6617] The fluorescence intensity of lysate (λ~ex~ 554 nm, λ~em~ 570 nm) was detected with a fluorescence spectrometer (model LS55; Perkin Elmer, Boston, USA).

To evaluate the specific mechanisms involved in MPs uptake, macrophages were incubated with MC-PLGA MPs at 4°C for 2 h.[@b23-ijn-12-6617] Besides, macrophages were pre-incubated with the metabolic inhibitor 10 mM sodium azide and 50 mM deoxyglucose, the endocytosis inhibitor 40 mM ammonium chloride, 0.45 M D(+)-Sucrose or 10 μM chlorpromazine, for 30 min prior to MC-PLGA MPs application.[@b24-ijn-12-6617],[@b25-ijn-12-6617] Controls were prepared without the inhibitor pre-incubation. For saturation of mannose receptor, macrophages were pre-incubated with 50 mM mannose for 30 min.[@b26-ijn-12-6617]

Intracellular localization of MPs
---------------------------------

For observing intracellular localization of MPs within macrophages, 5×10^5^ cells/well were seeded into 12-well plates and cultured at 37°C and 5% CO~2~ in DMEM supplemented with 10% fetal calf serum overnight. Then culture medium was changed with DMEM supplemented with 10% fetal calf serum containing 250 μg/mL FITC-HSA-loaded MPs. After washing three times with sterile PBS (10 mM, pH 7.4), cells were incubated with media containing Lyso Tracker Red DND-99 for 1 h. Then, the cells were fixed with formaldehyde for 1 h. Images were acquired by a Leica TCS SP5 II confocal laser scanning microscope (CLSM; Leica Microsystems CMS Gmbh, Mannheim, Germany). A representative macrophage was selected at random and fluorescent images were merged to determine the relative localization of MC-PLGA MPs within macrophages.

In vitro macrophage activation
------------------------------

Macrophages were seeded into 12-well tissue culture plates at a density of 5×10^5^ cells/well and cultured at 37°C and 5% CO~2~ in DMEM supplemented with 10% fetal calf serum overnight. Then culture medium was changed with DMEM containing HBsAg, FLN, pI:C or MC-PLGA(FLN), MC-PLGA(pI:C), MC-PLGA(FLN+pI:C) MPs and then incubated at 37°C and 5% CO~2~. Culture supernatants were harvested after 4 days culture and IL-6, IL-10, IL-12, and IFN-γ content in supernatant were determined with ELISA kits (Shanghai Qiaodu Biotechnology Co., Ltd., Shanghai, People's Republic of China) according to the manufacturer's instructions. EtEraser Endotoxin Removal Kit was used to remove the endotoxin in the samples for cell test.

Animal immunization protocol and sample collection
--------------------------------------------------

Female Sprague Dawley rats, weighting 180--210 g, were used for immunization studies. The animals were divided into six groups and each group consisted of six rats. Group 1 rats were inoculated subcutaneously with alum-HBsAg vaccine. Group 2--5 rats were intranasally inoculated with MC-PLGA(HBsAg) alone, or MC-PLGA(HBsAg) together with MC-PLGA(pI:C), MC-PLGA(FLN) or MC-PLGA(FLN+pI:C), respectively. Group 6 rats were intranasally inoculated with blank MC-PLGA MPs without HBsAg. Each rat was inoculated three times with formulations in weeks 1, 3 and 6. Blood samples were taken at each sampling time point. Sera were isolated and collected by centrifugation at 5,000 rpm for 10 min, which were stored at −20°C until tested. The nasal and salivary secretions were collected after 12 weeks of primary vaccination. For salivary secretions, saliva was collected using pipette. A nasal wash was collected according to the previously reported method.[@b27-ijn-12-6617] PBS 200 μL (pH 7.4) containing 10 mg/mL bovine serum albumin was used to flush the nasal cavity. The nasal cavity was flushed three times.

ELISA analysis of anti-HBsAg IgG and IgA
----------------------------------------

IgG, IgG1, IgG2a and IgA antibodies in sera or secretions were serially diluted in phosphate-buffered saline and detected with ELISA test. Serum IgG antibody concentration was measured by a rat HBsAb ELISA kit (Premedical Laboratories Co., Ltd., Beijing, People's Republic of China). A standard curve was generated using standard solution of various concentrations of rat anti-HBsAg IgG in mIU/mL. IgG2a and IgG1 antibody concentrations were measured with rat IgG2a and IgG1 ELISA kits (Premedical Laboratories Co., Ltd.). Then IgG2a/IgG1 ratio between both IgG subtypes was calculated. IgA antibodies in secretion samples were detected by ELISA method. Briefly, microtiter plates were coated with 100 μL of 2 μg/well HBsAg in carbonate buffer (pH 9.6) and rinsed with PBS (pH 7.4). After blocked with 1% BSA, 100 μL of serially diluted nasal and salivary secretions were added to the wells and incubated for 1 h at 37°C. After washing with PBS, goat anti-rat IgA-HRP (Santa Cruz Biotechnology Inc., Dallas, TX, USA) were 1:2,000 diluted and added to each well. Finally, 3,3′,5,5′-Tetramethylbenzidine was added to each well and absorbance at 450 nm was measured on a microplate reader (Bio-Rad 550). The IgA antibody titer was expressed as the maximum dilution ratio of the sample, which gave an absorbance value at least two times higher than that of the control sample (PBS substituted for secretion).

Determination of cytokine levels by ELISA
-----------------------------------------

Twelve weeks after the final immunization, splenocytes were prepared according to previously published methods.[@b21-ijn-12-6617] Then, 5×10^5^ cells/well spleen cells were cultured in a 24-well plate in RPMI-1640 supplemented with 10% heat-inactivated fetal calf serum. To determine overall cytokine production, splenocytes were restimulated with 10 μg/mL HBsAg. Culture supernatants were harvested 5 days later. The levels of IFN-γ and IL-2 in the culture supernatant were determined using ELISA kits.

Statistical analysis
--------------------

Statistical differences between two experimental groups were determined using one-way analysis of variance (ANOVA) and Student's *t*-test. Data were considered to be statistically significant if *P*\<0.05.

Results and discussion
======================

MC-PLGA microparticle preparation and characterization
------------------------------------------------------

MC-PLGA(HBsAg), MC-PLGA(pI:C), MC-PLGA(PLN) and MC-PLGA(FLN+pI:C) MPs surface modified with COS and mannan were prepared by a modified double emulsion technique. A representative SEM image of MC-PLGA MPs was shown in [Figure 1](#f1-ijn-12-6617){ref-type="fig"}. Four types of MC-PLGA MPs were spherical with smooth surface ([Figure 1](#f1-ijn-12-6617){ref-type="fig"}). As illustrated in [Table 1](#t1-ijn-12-6617){ref-type="table"}, the average particle sizes of four types of MC-PLGA MPs ranged between 910.8 and 984 nm, in that size, the MPs have been reported to be easily internalized and further facilitated antigen uptake and inducing activation of APCs.[@b28-ijn-12-6617] The zeta potential of MC-PLGA MPs was significantly influenced by environmental pH ([Figure S1](#SD1-ijn-12-6617){ref-type="supplementary-material"}). The zeta potential of four kinds of MC-PLGA MPs is close to −10 mV at pH 7.4 and increases to almost 0 mV at pH 5 ([Figure S1](#SD1-ijn-12-6617){ref-type="supplementary-material"}). The change of zeta potential of MC-PLGA MPs with pH may possibly due to surface modification with COS, which possesses the increased positive charge with decrease in solution pH.[@b29-ijn-12-6617]

In vitro release of HBsAg, pI:C and FLN from MC-PLGA MPs were studied at pH values 5, 6 and 7.4 to evaluate antigen and TLR ligands release behavior under conditions likely encountered after nasal vaccination and intracellular trafficking following uptake by APCs. As illustrated in [Figure 2](#f2-ijn-12-6617){ref-type="fig"}, cumulative antigenicity of released HBsAg and cumulative amount of TLR ligands released from MC-PLGA MPs by 96 h was low (\<20%) under physiological pH value (7.4), mimicking the environment of cytoplasm and body fluids ([Figure 2](#f2-ijn-12-6617){ref-type="fig"}). However, once the MC-PLGA MPs reached the pH milieu of the early endosomes (pH 6) and the late endosomes/lysosomes (pH 5), cumulative antigenicity of released HBsAg and cumulative amount of TLR ligands by 96 h increased to greater than 67% and 82%, respectively ([Figure 2](#f2-ijn-12-6617){ref-type="fig"}). In an acidic milieu, hydrogen ions can permeate into MC-PLGA MPs and reacted with NaHCO~3~ within MPs. The generated CO~2~ bubbles would disrupt the MC-PLGA shell wall and rapidly release the encapsulated antigen and TLR ligands.[@b19-ijn-12-6617],[@b20-ijn-12-6617] This pH-sensitive release behavior should particularly be suitable for facilitating the intracellular delivery of antigen and TLR ligands. Ideally, low release rate of antigen and TLR ligands in tissue and body fluids (pH 7.4) may avoid the undesired side effects of antigen and TLR ligands. On the other hand, fast release in acidic endosomes/lysosomes (pH 6--5) should avoid degradation of pI:C by acidic microenvironment within MC-PLGA MPs and facilitate activation of endo-somal TLR within APCs.

Cellular uptake of MC-PLGA MPs and intracellular distribution
-------------------------------------------------------------

Efficient cellular uptake by APC is a major requirement for induction of adaptive immune responses. In this study, the cellular uptake of MC-PLGA MPs on mouse peritoneal macrophages was estimated. FITC-HSA was used as a fluorescent marker to investigate cellular internalization of MC-PLGA MPs. The uptake of FITC-HSA-loaded MC-PLGA (MC-PLGA(FITC-HSA)) MPs was first evaluated by fluorescent microscopy and the results were illustrated in [Figure 3A](#f3-ijn-12-6617){ref-type="fig"}. After 12 h of incubation, the strong fluorescence signals (green) of MC-PLGA(FITC-HSA) MPs were presented in the macrophages ([Figure 3A](#f3-ijn-12-6617){ref-type="fig"}), suggesting that MC-PLGA MPs can be efficiently internalized into the macrophages. However, low temperature and endocytic inhibitor mannose clearly inhibited cellular uptake of MC-PLGA(FITC-HSA) MPs.

To investigate the uptake mechanism of MC-PLGA MPs, MP uptake by macrophages was further investigated by measuring the fluorescence intensity of Rhodamine B-labeled MC-PLGA MPs within macrophage lysates. Lowering the incubation temperature to 4°C resulted in substantial reduction of MC-PLGA MP uptake by macrophages (*P*\<0.01) ([Figure 3B](#f3-ijn-12-6617){ref-type="fig"}). Likewise, depleting intracellular ATP levels by preincubation of the macrophages with sodium azide and deoxyglucose substantially reduced the cellular internalization of MC-PLGA MPs (*P*\<0.01) ([Figure 3B](#f3-ijn-12-6617){ref-type="fig"}). Moreover, if the cells were preincubated with sodium azide and deoxyglucose at 4°C, the cell uptake of MC-PLGA MPs was further reduced by 49.7% ([Figure 3B](#f3-ijn-12-6617){ref-type="fig"}). The results suggested that the cellular uptake of MC-PLGA MPs by macrophages is possibly through energy-dependent internalization mechanism.[@b23-ijn-12-6617]

To further clarify the cellular internalization mechanism, macrophages were pre-treated with some endocytosis inhibitors prior to the addition of MC-PLGA MPs. Pretreatment with a lysosomotropic agent, ammonium chloride, which inhibits endocytosis by increasing the pH of cellular organelles such as late endosomes and lysosomes, substantially decreased the cellular uptake of MC-PLGA MPs ([Figure 3B](#f3-ijn-12-6617){ref-type="fig"}). Hypertonic treatment can block formation of clathrin-coated pit and inhibit endocytosis. When treated with sucrose, cellular uptake of MC-PLGA MPs was significantly reduced (*P*\<0.01) ([Figure 3B](#f3-ijn-12-6617){ref-type="fig"}). Chlorpromazine, which blocks the assembly of clathrin-coated pits on the plasma membrane, also decreased the cellular uptake of MC-PLGA MPs (*P*\<0.01) ([Figure 3B](#f3-ijn-12-6617){ref-type="fig"}). Moreover, if the cells were pre-incubated with chlorpromazine and sucrose at 4°C, the cell uptake of MC-PLGA MPs was further reduced by 49.4% and 43.5%, respectively ([Figure 3B](#f3-ijn-12-6617){ref-type="fig"}). These results suggested that MC-PLGA MPs are mainly taken up by energy-dependent, clathrin-mediated endocytosis.[@b24-ijn-12-6617],[@b25-ijn-12-6617],[@b30-ijn-12-6617]

To investigate the effect of mannose receptor on cellular uptake of MC-PLGA MPs by macrophages, the uptake of MPs were examined in the presence of mannose. As shown in [Figure 3B](#f3-ijn-12-6617){ref-type="fig"}, the cellular uptake of MC-PLGA MPs by macrophages was substantially inhibited by mannose (*P*\<0.01). The results suggested that the uptake of MC-PLGA MPs surface modified by COS and mannan is mediated by mannose receptor-mediated endocytosis. A similar effect of mannose on cellular uptake of mannosylated polymeric NPs has been observed by other researchers.[@b26-ijn-12-6617]

To examine the effects of encapsulated cargo on the cellular internalization, uptake efficiencies of MC-PLGA(HBsAg), MC-PLGA(pI:C), MC-PLGA(FLN) and MC-PLGA(FLN+I:C) MPs by macrophages were compared. As shown in [Figure S2](#SD2-ijn-12-6617){ref-type="supplementary-material"}, uptake efficiencies of MC-PLGA(HBsAg), MC-PLGA(pI:C), MC-PLGA(FLN) and MC-PLGA(FLN+pI:C) MPs by macrophages were similar, which was independent of the encapsulated cargo (*P*\>0.05).

CLSM was used to visualize the intracellular distribution of MC-PLGA MPs within the macrophages. As shown in [Figure 4](#f4-ijn-12-6617){ref-type="fig"}, FITC-HSA-loaded MC-PLGA MPs (green, FITC) existed both in the lysosome (yellow, superposition of green (FITC) and red (Lyso Tracker Red DND-99)) and in the cytoplasm (green, FITC), while PLGA MPs without surface modification mainly existed in the lysosome (yellow). The result was consistent with our previous findings.[@b19-ijn-12-6617]

In vitro synergy of FLN and pI:C
--------------------------------

To evaluate synergy of TLR3 ligand pI:C and TLR5 ligand FLN, a series of diluted pI:C and FLN solutions were added into cell culture medium and tested for the ability to activate macrophages. As shown in [Figure S3A](#SD3-ijn-12-6617){ref-type="supplementary-material"}, both FLN and pI:C elicited secretion of IL-6 from rat peritoneal macrophages in a concentration-dependent manner. However, both FLN and pI:C only elicit low concentration of IL12p70 secreted from macrophages ([Figure S3B](#SD3-ijn-12-6617){ref-type="supplementary-material"}). As FLN engages TLR5 on cell surfaces of APC, FLN in solution should facilitate acting on macrophages. However, ability of FLN to elicit IL12p70 is low, which is consistent with previous study.[@b31-ijn-12-6617] Although TLR3 resides in the membranes of intracellular compartments, in culture medium pI:C still effectively elicits secretion of IL-6 and IL12p70. This should be associated with CD14 mediating pI:C uptake by macrophages and enhancing TLR3 signaling.[@b32-ijn-12-6617] When both FLN and pI:C were added into the culture medium, they synergistically elicited secretion of IL-12p70 and IL-6 from macrophages ([Figure S3A and B](#SD3-ijn-12-6617){ref-type="supplementary-material"}). When concentration of FLN and pI:C was 0.4 and 2 μg/mL, respectively, the secreted IL-6 elicited by both ligands increased 7.84- and 23.10-fold and the secreted IL-12p70 increased 4.68- and 4.14-fold compared to that elicited by the single ligand FLN and pI:C, respectively. These results suggested that when the same APCs were stimulated by both FLN and pI:C, synergistic signaling by the innate immune system had occurred.

After having optimized context for pI:C and FLN, these were encapsulated into MC-PLGA MPs and the effects of encapsulated TLR ligands on activation of macrophage were investigated. After macrophage incubated with MC-PLGA MPs, the secretion of proinflammatory cytokines IL-6, IL-12, interferon (INF)-γ and anti-inflammatory cytokines IL-10 was analyzed, and the results were illustrated in [Figure 5](#f5-ijn-12-6617){ref-type="fig"}. Compared with TLR ligand in solution in the presence of HBsAg, pI:C and FLN encapsulated into MC-PLGA MPs increased the production of proinflammatory cytokines IL-6 and INF-γ (*P*\<0.05) ([Figure 5A and C](#f5-ijn-12-6617){ref-type="fig"}). However, encapsulation of TLR ligands had no effect on the production of proinflammatory cytokines IL-12p70 and anti-inflammatory cytokines IL-10 compared with TLR ligand in solution in the presence of HBsAg (*P*\>0.05) ([Figure 5B and D](#f5-ijn-12-6617){ref-type="fig"}). Moreover, FLN and pI:C co-encapsulated into MC-PLGA MPs showed significantly synergized activation of macrophages. When incubated with macrophages, MC-PLGA(FLN+pI:C) MPs elicited higher IL-6, IL-12p70, IL-10 and INF-γ than MC-PLGA(FLN) and MC-PLGA(pI:C) MPs (*P*\<0.05) ([Figure 5](#f5-ijn-12-6617){ref-type="fig"}).

After internalization by macrophages, pI:C released from MC-PLGA MPs in the endosome of APCs should facilitate the interaction between pI:C and endosomal TLR3 ([Figure 6](#f6-ijn-12-6617){ref-type="fig"}). On the contrary, FLN released in the cytoplasm of APCs would facilitate passing through the cell membrane and then interact with extracellular TLR 5 ([Figure 6](#f6-ijn-12-6617){ref-type="fig"}). We have observed that pH-sensitive MC-PLGA MPs surface modified with COS and mannan existed both in the lysosome and in the cytoplasm ([Figure 4](#f4-ijn-12-6617){ref-type="fig"}). After uptake by macrophages, TLR ligand-loaded MC-PLGA MPs surface modified with COS and mannan should have two intracellular release patterns: 1) release in late endosomes/lysosomes in favor of interaction between pI:C and endosoma TLR3, 2) release in cytoplasm in favor of interaction between FLN and extracellular TLR5 ([Figure 6](#f6-ijn-12-6617){ref-type="fig"}). Simultaneous stimulation of TLR3 and TLR5 would facilitate synergistic activation of APCs. Synergistic effects between pI:C and FLN might be in favor of reducing the dose of both ligands and then reduce adverse reaction associated with them.[@b15-ijn-12-6617],[@b33-ijn-12-6617]

Estimation of IgG and IgA antibody levels
-----------------------------------------

To evaluate the synergistic effects of pI:C and FLN on humoral and mucosal immune responses, rats were immunized with MC-PLGA(HBsAg), MC-PLGA(HBsAg) plus MC-PLGA(pI:C) or MC-PLGA(FLN) or MC-PLGA (FLN+pI:C) MPs (intranasally), and alum-HBsAg vaccine (subcutaneously), and serum IgG levels and IgA levels in secretions were measured with ELISA. As shown in [Figure 7A](#f7-ijn-12-6617){ref-type="fig"}, blank MC-PLGA MPs did not elicit anti-HBsAg IgG antibody production. Intranasal inoculation of MC-PLGA(HBsAg) MP formulation or subcutaneous injections of alum-HBsAg vaccine resulted in a sustained increase of the IgG levels within 10 weeks ([Figure 7A](#f7-ijn-12-6617){ref-type="fig"}). Moreover, MC-PLGA(HBsAg) plus MC-PLGA(FLN+pI:C) MPs induced significantly higher anti-HBsAg IgG levels than MC-PLGA(HBsAg), MC-PLGA(HBsAg) plus MC-PLGA(pI:C) or MC-PLGA(FLN) MPs 4 weeks later (*P*\<0.05) ([Figure 7A](#f7-ijn-12-6617){ref-type="fig"}). At the same time, alum-HBsAg vaccine elicited significantly higher IgG levels than MC-PLGA(HBsAg) plus MC-PLGA(pI:C), MC-PLGA(FLN) or MC-PLGA(FLN+pI:C) MPs (*P*\<0.05) within 11 weeks. At 10 weeks post immunization, IgG levels against HBsAg elicited by MC-PLGA(HBsAg) plus MC-PLGA (FLN+pI:C) MPs was 682.8 mIU/mL, which was slightly lower than the level elicited by the alum-HBsAg vaccine, but no significant difference (*P*\>0.05) ([Figure 7A](#f7-ijn-12-6617){ref-type="fig"}). These results indicated that synergistic effects between FLN and pI:C within MC-PLGA MPs substantially enhanced humoral immune responses.

Mucosal immune responses were investigated by determining IgA levels against HBsAg in nasal and salivary secretions. As shown in [Figure S4](#SD4-ijn-12-6617){ref-type="supplementary-material"}, HSA-loaded MC-PLGA MPs and alum-HBsAg did not elicit a significant IgA levels against HBsAg. In comparison, IgA levels against HBsAg elicited by MC-PLGA(HBsAg) MPs were significantly higher than that elicited by alum-HBsAg vaccine (*P*\<0.01) ([Figure S4](#SD4-ijn-12-6617){ref-type="supplementary-material"}). However, MC-PLGA(HBsAg) plus MC-PLGA(pI:C), MC-PLGA(FLN) or MC-PLGA(FLN+pI:C) MPs did not elicit significantly higher levels of anti-HBsAg IgA than MC-PLGA(HBsAg) MPs (*P*\>0.05).

The IgG2a/IgG1 ratio (serum IgG subtypes) provided an insight into the Th1/Th2 polarization of the immune responses activated by MC-PLGA(HBsAg) plus MC-PLGA(FLN+pI:C) MPs. As shown in [Figure 7B](#f7-ijn-12-6617){ref-type="fig"}, the MC-PLGA(pI:C) and MC-PLGA(FLN) MPs displayed significant effect on IgG2a/IgG1 ratio changes. Serum IgG2a/IgG1 ratio induced by alum-HBsAg vaccine and MC-PLGA(HBsAg) MPs was 0.29 and 0.49, respectively, indicating Th2-biased immune response. IgG2a/IgG1 ratio induced by MC-PLGA(HBsAg) plus MC-PLGA(pI:C), MC-PLGA(FLN) and MC-PLGA(FLN+pI:C) MPs was 1.60, 1.47 and 1.63, respectively, suggesting significant Th1-biased immune response.

Estimation of endogenous cytokine levels
----------------------------------------

To further understand about the effect of TLR ligands on the cell-mediated immune response, in vitro cytokine release was determined by measuring the concentration of Th1 type cytokines IFN-γ and IL-2 in cultured spleen cell supernatants of immunized rats. Without stimulation with HBsAg, splenocytes secreted very low concentrations of IL-2 and IFN-γ (,3.5 pg/mL) ([Figure 8A and B](#f8-ijn-12-6617){ref-type="fig"}). Upon stimulation with HBsAg, the expression of IFN-γ and IL-2 in splenocytes was associated with different types of MP formulations. MC-PLGA(HBsAg) MPs generated higher concentration of IFN-γ and IL-2 compared to alum-HBsAg vaccine group (*P*\<0.05). Splenocytes from rats vaccinated with MC-PLGA(HBsAg) plus MC-PLGA(pI:C), MC-PLGA(FLN) and MC-PLGA(FLN+pI:C) MPs showed a greater ability in secreting IL-2 and IFN-γ cytokines. Approximately 4.3- and 2.36-fold higher IL-2 levels were detected after intranasal vaccination with MC-PLGA(HBsAg) plus MC-PLGA(pI:C) or MC-PLGA(FLN) MPs than MC-PLGA(HBsAg) MPs, respectively. Similarly, approximately 4.91- and 2.63-fold higher IFN-γ levels were detected after intranasal vaccination with MC-PLGA(HBsAg) plus MC-PLGA(pI:C) or MC-PLGA(FLN) MPs than MC-PLGA(HBsAg) MPs, respectively. MC-PLGA(HBsAg) plus MC-PLGA(FLN+pI:C) MPs induced a 1.25- to 2.38-fold increase in secreting IL-2 and IFN-γ cytokines compared to MC-PLGA(HBsAg) plus MC-PLGA(pI:C) or MC-PLGA(FLN) MPs, respectively. The results suggested that both FLN and pI:C facilitated the production of Th1 type cytokines, which is important to facilitate protection against hepatitis B viral infection and elimination of hepatitis B virus.[@b34-ijn-12-6617],[@b35-ijn-12-6617] Moreover, synergistic effects between FLN and pI:C within MC-PLGA MPs substantially enhance the production of Th1 type cytokines IFN-γ and IL-2, consistent with the results from IgG2a/IgG1 ratio.

Conclusion
==========

In this study, synergistic effect between pI:C and FLN within MC-PLGA MPs on activation of macrophages and immune responses induced by nasal delivery of HBsAg was investigated systematically. HBsAg, FLN, pI:C or both ligands were encapsulated within mannan and COS-modified, pH-responsive MC-PLGA-based MPs utilizing a double-emulsion method. Inhibition experiments showed that cellular uptake of MC-PLGA MPs was energy-dependent, mannose receptor-mediated endocytosis. FLN and pI:C in solution and MP formulation could synergize to activate macrophages and induce higher pro- and anti-inflammatory cytokine levels compared to single TLR ligand. In vivo immunogenicity studies indicated that co-delivery of FLN and pI:C within MC-PLGA MPs synergistically induced higher anti-HBsAg IgG levels and Th1 cytokine levels compared with MC-PLGA MPs encapsulated single TLR ligand plus MPs encapsulated HBsAg. These results suggest that synergic TLR3 and TLR5 stimulation might be a promising tool for nasally delivered HBsAg.

Supplementary materials
=======================

###### 

Zeta potential of MC-PLGA(HBsAg), MC-PLGA(pI:C), MC-PLGA(FLN) and MC-PLGA(FLN+pI:C) MPs under different pH levels.

**Abbreviations:** FLN, flagellin; HBsAg, hepatitis B virus surface antigen; MC-PLGA, mannan and chitosan oligosaccharide-modified, pH-responsive PLGA; MPs, microparticles; pI:C, polyinosinic:polycytidylic acid; PLGA, poly(lactic-*co*-glycolic acid).

###### 

The comparison of cellular internalization of MC-PLGA(HBsAg), MC-PLGA(pI:C), MC-PLGA(FLN) and MC-PLGA(FLN+pI:C) MPs by macrophages.

**Notes:** The extent of MP uptake was determined quantitatively by measuring fluorescence intensity of Rhodamine B-loaded PLGA MPs within macrophage lysates. NS: no significant difference (*P*\>0.05).

**Abbreviations:** FLN, flagellin; HBsAg, hepatitis B virus surface antigen; MC-PLGA, mannan and chitosan oligosaccharide-modified, pH-responsive PLGA; MPs, microparticles; pI:C, polyinosinic:polycytidylic acid; PLGA, poly(lactic-*co*-glycolic acid).

###### 

Synergy between FLN and pI:C in vitro.

**Notes:** Macrophages were incubated with FLN and pI:C either alone or in combination. The concentrations of secreted IL-6 (**A**) or IL12p70 (**B**) were determined by ELISA. Values are expressed as mean ± SD (n=3). \*\**P*\<0.01, \*\*\**P*\<0.001.

**Abbreviations:** FLN, flagellin; pI:C, polyinosinic:polycytidylic acid.

###### 

Anti-HBsAg IgA levels in nasal and salivary secretions of Sprague Dawley rats immunized with different formulations.

**Notes:** Values are expressed as mean ± SD (n=5). NS: no significant difference (*P*\>0.05).

**Abbreviations:** FLN, flagellin; HBsAg, hepatitis B virus surface antigen; MC-PLGA, mannan and chitosan oligosaccharide-modified, pH-responsive PLGA; MPs, microparticles; NS, no significant difference; pI:C, polyinosinic:polycytidylic acid; PLGA, poly(lactic-*co*-glycolic acid).
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![Scanning electron microscopic images of MC-PLGA(HBsAg) (**A**), MC-PLGA(pI:C) (**B**), MC-PLGA(FLN) (**C**) and MC-PLGA(FLN+pI:C) MPs (**D**). Magnification ×15,000.\
**Abbreviations:** FLN, flagellin; HBsAg, hepatitis B virus surface antigen; MC-PLGA, mannan and chitosan oligosaccharide-modified, pH-responsive PLGA; MPs, microparticles; pI:C, polyino sinic:polycytidylic acid; PLGA, poly(lactic-*co*-glycolic acid).](ijn-12-6617Fig1){#f1-ijn-12-6617}

![In vitro release rates of MC-PLGA MPs in PBS with different pH values (7.4, 6, and 5) at 37°C.\
**Notes:** (**A**) MC-PLGA(HBsAg) MPs; (**B**) MC-PLGA(pI:C) MPs; (**C**) MC-PLGA(FLN) MPs; (**D**) MC-PLGA(FLN+pI:C) MPs.\
**Abbreviations:** FLN, flagellin; HBsAg, hepatitis B virus surface antigen; MC-PLGA, mannan and chitosan oligosaccharide-modified, pH-responsive PLGA; MPs, microparticles; PBS, phosphate-buffered saline; pI:C, polyinosinic:polycytidylic acid; PLGA, poly(lactic-*co*-glycolic acid).](ijn-12-6617Fig2){#f2-ijn-12-6617}

![Cellular uptake inhibition of MC-PLGA MPs in cells at 4°C and 37°C or following preincubation with various endocytic inhibitors.\
**Notes:** (**A**) Fluorescence images show macrophage intracellular uptake of FITC-HSA-loaded MC-PLGA MPs at 37°C, at 4°C or following preincubation with mannose (M) at 37°C. Blue: DAPI nuclear stain; Green: FITC-HSA within the MC-PLGA MPs. Magnification ×400. (**B**) The extent of MP uptake was determined quantitatively by measuring fluorescence intensity of Rhodamine B-loaded MC-PLGA MPs within macrophage lysates. Values are expressed as mean ± SD (n=3). \*\**P*\<0.01.\
**Abbreviations:** FITC, fluorescein isothiocyanate; HSA, Human serum albumin; MC-PLGA, mannan and chitosan oligosaccharide-modified, pH-responsive PLGA; MPs, microparticles; PLGA, poly(lactic-*co*-glycolic acid).](ijn-12-6617Fig3){#f3-ijn-12-6617}

![Intracellular localization of PLGA MPs surface modified with COS and mannan (MC-PLGA MPs) and PLGA MPs without surface modification (PLGA MPs) in macrophages was observed by confocal laser scanning microscope.\
**Notes:** Green: FITC-HSA within the MPs; red: Lyso Tracker Red DND-99 to label lysosomes. Magnification ×600.\
**Abbreviations:** COS, chitosan oligosaccharide; FITC, fluorescein isothiocyanate; HSA, Human serum albumin; MC-PLGA, mannan and chitosan oligosaccharide-modified, pH-responsive PLGA; MPs, microparticles; PLGA, poly(lactic-*co*-glycolic acid).](ijn-12-6617Fig4){#f4-ijn-12-6617}

![Effects of synergy between FLN and pI:C on the secretion of proinflammatory cytokines IL-6 (**A**), IL-12 (**B**), interferon (INF)-γ (**C**) and anti-inflammatory cytokines IL-10 (**D**) from macrophages.\
**Notes:** The concentrations of FLN and pI:C in cell culture medium are 0.4 μg/mL and 2 μg/mL, respectively. The amount of FLN and pI:C within MC-PLGA MPs were equal to that in solution formulation. HBsAg is not within MC-PLGA MPs and the concentration of HBsAg in cell culture medium is 5 μg/mL. \*\**P*\<0.01, \*\*\**P*\<0.001.\
**Abbreviations:** FLN, flagellin; HBsAg, hepatitis B virus surface antigen; MC-PLGA, mannan and chitosan oligosaccharide-modified, pH-responsive PLGA; MPs, microparticles; PBS, phosphate buffered saline; pI:C, polyinosinic:polycytidylic acid; PLGA, poly(lactic-*co*-glycolic acid).](ijn-12-6617Fig5){#f5-ijn-12-6617}

![Mannan and COS-modified MC-PLGA MPs was taken up by macrophage following mannose receptor-mediated endocytosis.\
**Note:** TLR3 ligand pI:C and TLR5 ligand FLN release from MC-PLGA MPs in endosomes/lysosomes or cytoplasm could synergize to activate macrophages.\
**Abbreviations:** COS, chitosan oligosaccharide; FLN, flagellin; MC-PLGA, mannan and chitosan oligosaccharide-modified, pH-responsive PLGA; MPs, microparticles; pI:C, polyinosinic:polycytidylic acid; PLGA, poly(lactic-*co*-glycolic acid); TLR, toll-like receptor.](ijn-12-6617Fig6){#f6-ijn-12-6617}

![(**A**) Serum anti-HBsAg IgG levels of Sprague Dawley rats immunized with different MP formulations. MC-PLGA(HBsAg), or MC-PLGA(HBsAg) plus MC-PLGA(pI:C) and/or MC-PLGA(FLN) MPs were administered intranasally at a dose of 20 μg at the end of weeks 0, 3, and 6, respectively. An equivalent amount of HSA-loaded MC-PLGA MPs (blank MC-PLGA MPs) was intranasally administered at the end of weeks 0, 3 and 6, respectively. A conventional aluminum adjuvant formulated HBsAg (alum-HBsAg) vaccine was administered subcutaneously at a dose of 10 μg at the end of weeks 0, 3 and 6, respectively. Values are expressed as mean ± SD (n=6). Results obtained were compared with MC-PLGA(HBsAg) MPs. NS: no significant difference (*P*\>0.05). \**P*\>0.05, \*\**P*\>0.01, \*\*\**P*\>0.001. (**B**) The ratio of serum anti-HBsAg IgG2a and IgG1 levels in rats immunized with different MP formulations on day 42. Values are expressed as mean ± SD (n=6).\
**Abbreviations:** FLN, flagellin; HBsAg, hepatitis B virus surface antigen; MC-PLGA, mannan and chitosan oligosaccharide-modified, pH-responsive PLGA; MPs, microparticles; pI:C, polyinosinic:polycytidylic acid; PLGA, poly(lactic-*co*-glycolic acid).](ijn-12-6617Fig7){#f7-ijn-12-6617}

![Interferon (INF)-γ (**A**) and IL-2 (**B**) levels in cultured spleen cell supernatants of Sprague Dawley rats immunized with different MP formulations.\
**Notes:** Values are expressed as mean ± SD (n=5). Results obtained were compared with MC-PLGA(HBsAg) MPs. \**P*\<0.05, \*\**P*\<0.01.\
**Abbreviations:** FLN, flagellin; HBsAg, hepatitis B virus surface antigen; MC-PLGA, mannan and chitosan oligosaccharide-modified, pH-responsive PLGA; MPs, microparticles; pI:C, polyinosinic:polycytidylic acid; PLGA, poly(lactic-*co*-glycolic acid).](ijn-12-6617Fig8){#f8-ijn-12-6617}

###### 

Characterization of HBsAg or TLR ligand-loaded MC-PLGA MPs prepared using a w/o/w double emulsion solvent evaporation method

  MC-PLGA MPs                                                    Particle size (nm)   DL (%)      EE (%)
  -------------------------------------------------------------- -------------------- ----------- ----------
  MC-PLGA(HBsAg)                                                 973.6±82.6           2.6±0.06    57.6±6.6
  MC-PLGA(pI:C)                                                  910.8±95.3           0.13±0.01   60.5±5.3
  MC-PLGA(FLN)                                                   984±82.8             0.14±0.02   62.5±4.6
  MC-PLGA(FLN+pI:C)[a](#tfn2-ijn-12-6617){ref-type="table-fn"}   964±82.8             0.14±0.02   61.7±5.9

**Notes:** Values are shown as mean ± SD, n=3.

EE and DL of MC-PLGA(FLN+pI:C) was determined by the content of FLN within MC-PLGA microspheres.

**Abbreviations:** DL, drug loading; EE, encapsulation efficiency; FLN, flagellin; HBsAg, hepatitis B virus surface antigen; MC-PLGA, mannan and chitosan oligosaccharide-modified, pH-responsive PLGA; MPs, microparticles; pI:C, polyinosinic:polycytidylic acid; PLGA, poly(lactic-*co*-glycolic acid); TLR, toll-like receptor.
